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Engineered Saccharomyces cerevisiae strains overexpressing GPDI, which codes for glycerol-3-phosphate
dehydrogenase, and lacking the acetaldehyde dehydrogenase Ald6 display large-scale diversion of the carbon
flux from ethanol toward glycerol without accumulating acetate. Although GPDI ald6 strains have great
potential for reducing the ethanol contents in wines, one major side effect is the accumulation of acetoin, having
a negative sensory impact on wine. Acetoin is reduced to 2,3-butanediol by the NADH-dependent 2,3-butanediol
dehydrogenase Bdhl. In order to investigate the influence of potential factors limiting this reaction, we
overexpressed BDHI, coding for native NADH-dependent Bdhl, and the engineered gene BDHI,;, 55 553,
coding for an NADPH-dependent Bdh1 enzyme with the amino acid changes 221 EIA 223 to 221 SRS 223, in
a glycerol-overproducing wine yeast. We have shown that both the amount of Bdh1 and the NADH availability
limit the 2,3-butanediol dehydrogenase reaction. During wine fermentation, however, the major limiting factor
was the level of synthesis of Bdhl. Consistent with this finding, the overproduction of native or engineered
Bdh1 made it possible to redirect 85 to 90% of the accumulated acetoin into 2,3-butanediol, a compound with
neutral sensory characteristics. In addition, the production of diacetyl, a compound causing off-flavor in
alcoholic beverages, whose production is increased in glycerol-overproducing yeast cells, was decreased by half.
The production of higher alcohols and esters, which was slightly decreased or unchanged in GPDI ald6 cells
compared to that in the control cells, was not further modified in BDHI cells. Overall, rerouting carbons
toward glycerol and 2,3-butanediol represents a new milestone in the engineering of a low-alcohol yeast with

desirable organoleptic features, permitting the decrease of the ethanol contents in wines by up to 3°.

A large number of quality wines produced by modern wine-
making practices, which favor harvesting fully ripened grapes,
frequently contain an excessive ethanol content. This tendency
is observed in the majority of the world’s wine-producing areas,
and reducing the alcohol levels in wines has become a major
concern of the wine industry. Consequently, numerous at-
tempts have been made to engineer Saccharomyces cerevisiae
yeast strains with reduced ethanol yields, which would offer
faster and less expensive biological alternatives to the current
physical processes available for the production of low- and
reduced-alcohol wines (29). The biological approaches used so
far are all based on diverting sugar metabolism toward by-
products other than ethanol by metabolic engineering strate-
gies (7, 8, 18, 19, 21, 22, 30). However, these strategies have so
far not satisfied the need to obtain a significant reduction in the
ethanol yield without causing the accumulation of undesirable
secondary products and/or without affecting yeast physiology.
Among these various advances, an efficient strategy is based on
the rerouting of the carbon flux toward the production of
glycerol. This polyol is a relatively neutral compound from an
olfactory perspective, and it is has been demonstrated previ-
ously to contribute positively to wine quality through enhanced

* Corresponding author. Mailing address: INRA, UMR 1083, 2
Place Viala, 34060 Montpellier Cedex 1, France. Phone: (33) 4 99 61
25 28. Fax: (33) 4 99 61 28 57. E-mail: dequin@supagro.inra.fr.

¥ Published ahead of print on 27 March 2009.

3196

sweetness and viscosity (27). In yeast, glycerol plays a major
role as an osmolyte under osmotic stress conditions and also
functions as an essential redox sink in the absence of oxygen,
when the reoxidation of excess cytosolic NADH is required (1,
2, 42, 44, 46). This compound is formed by the reduction of
dihydroxyacetone phosphate by glycerol-3-phosphate dehydro-
genase (encoded by GPDI and GPD2), followed by dephos-
phorylation by glycerol-3-phosphatase, which exists as two iso-
forms: Gppl and Gpp2p (see Fig. 1). By overexpressing GPDI
or GPD2, the production of glycerol has been greatly en-
hanced, making it possible to decrease the ethanol yield as the
result of carbon diversion and reduced NADH availability for
the alcohol dehydrogenase reaction. This strategy has been
used previously to reduce the ethanol yields in wine and brew-
er’syeast (4, 7,23, 25, 26, 31). For wine, it was shown that these
glycerol-overproducing strains have the potential to reduce the
ethanol content by 1 to 2°. Nevertheless, major modifications
in the production levels of other metabolites, in particular
acetate and acetoin (23, 31), which are undesirable at high
concentrations in wine, are generated. The production of ac-
etate in glycerol-overproducing wine yeasts has been reduced
to a normal level by the deletion of ALD6, coding for an
acetaldehyde dehydrogenase (4, 30). The major problem of the
accumulation of acetoin, which was shown to accumulate at
several grams per liter in commercial GPDI ald6 wine yeast
strains (4), remains to be overcome. At usual concentrations in
wine, which vary from undetectable levels to 80 mg/liter (32,
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TABLE 1. S. cerevisiae strains used in this study

Strain Genotype Gene modification(s) Source or reference
V5 MATa ura3 None INRA UMR 1083
V5 aldo V5 aldo ald6::KanMX 30

V5 ald6 GPDI1
V5 ald6 GPDI BDHI
V5 ald6 GPD1 BDHI ,3, 33 53

V5 ald6 pVT100U-ZEO-GPD1

V5 ald6 BDH1 5, 555 555 pVT100U-
ZEO-GPDI

V5 ald6 BDHI pVT100U-ZEO-GPDI1

ADHIp-GPDI-ADHIt

TDH3p-BDHI-BDHIt, ADHIp-GPDI1-ADHIt

TDH3p-BDH1 55, 525 2,5-BDHIt, ADHIp-
GPDI-ADHIt

4
This study
This study

“INRA UMR 1083, Microbiologie, Montpellier, France.

33, 40), this compound has no negative organoleptic influence.
However, at concentrations higher than its threshold level
(around 150 mg/liter [11]), acetoin can confer an unpleasant
buttery flavor on wines. In contrast, the reduced form of ace-
toin, 2,3-butanediol (2,3-BD), has neutral sensory qualities
(data not shown). It is found in wines at concentrations ranging
from 0.2 to 3 g/liter (14, 41).

Bdhl1, encoded by BDHI, is the only identified enzyme in
yeast catalyzing the reduction of acetoin into 2,3-BD (12). This
enzyme has strict stereospecificity for the OHs of carbons in R
configuration and acts preferentially as a reductase rather than
as a dehydrogenase (11, 12). It is essentially responsible for the
formation of (2R,3R)-2,3-BD and part of meso-2,3-BD from
(3R)-acetoin and (3S)-acetoin, respectively.

The accumulation of acetoin in strains engineered for glycerol
overproduction has been attributed to several factors (4). On one
hand, it was assumed that the amount of Bdhl is a rate-limiting
factor in the conversion of acetoin into 2,3-BD. On the other
hand, it is possible that the Bdhl reaction is limited by the low
level of available NADH since this coenzyme is preferentially
used for glycerol synthesis in these strains.

The aim of the present study was to investigate in detail the
metabolic prerequisites for reducing accumulated acetoin in S.
cerevisiae overproducing glycerol and exhibiting reduced ace-
tate formation by promoting the conversion of acetoin into the
compound 2,3-BD, which has neutral sensory characteristics.
In this study, we first determined the role of Bdhl in the
reduction of acetoin into 2,3-BD during wine fermentation.
Next, we studied the impact of the overproduction of NADH-
dependent Bdh1 or an engineered NADPH-dependent form
of Bdh1 in a model wine yeast, V5, overexpressing GPD1 and
lacking ALD6 during fermentation in synthetic must with var-
ious sugar concentrations. The NADPH-dependent Bdh1 has
been obtained previously by the replacement of three amino
acids involved in the NADH binding domain, resulting in the
complete reversal of the coenzyme specificity from NADH to
NADPH (6). The effects on the growth and fermentation prop-
erties of the engineered strains and the levels of by-products
and key aromatic compounds formed by the strains were de-
termined.

MATERIALS AND METHODS

Strains, plasmids, and growth conditions. The S. cerevisiae strains used in this
study were generated from strain V5 (MATa ura3), derived from a champagne
wine yeast, and are described in Table 1. Yeast strains were maintained and
grown in YPD medium (1% Bacto yeast extract, 2% Bacto peptone, 2% glu-
cose). The multicopy vector pVT100U-ZEO-GPDI, carrying GPDI under the
control of the ADHI promoter and terminator, has been described previously
(31, 45). Transformants were selected on SD minimal medium (6.7 g/liter yeast

nitrogen base without amino acids, 2% glucose) or on YPD medium supple-
mented with 200 wg/ml of geneticin.

Fermentation conditions. Batch fermentation experiments were carried out in
MS synthetic medium that simulates standard grape juice as described previously
(3). The MS medium used in this study contained 50 to 240 g/liter glucose, 6
g/liter malic acid, 6 g/liter citric acid, and a nitrogen source composed of 120
mg/liter nitrogen from ammonium and 340 mg/liter nitrogen from amino acids.
The medium was supplemented with uracil (50 mg/liter) when required and
methionine (115 mg/liter) for the growth of V5. To fulfill the lipid requirement
of yeast cells during anaerobic growth, MS medium was supplemented with 7.5
mg/liter ergosterol, 0.21 g/liter Tween 80, and 2.5 mg/liter oleic acid. The pH of
the medium was 3.3. Cells were precultured with agitation (150 rpm) for 30 h at
28°C in 100-ml flasks filled with MS medium. The main fermentation culture was
inoculated at a density of 10° cells per ml and incubated at 28°C with continuous
stirring (350 rpm) in fermentors of 1.0 liter (working volume) equipped with
fermentation locks. These conditions give fermentation kinetics similar to those
obtained under enological conditions on a pilot scale (3). The amount of CO,
released was determined by an automatic measurement of fermentor weight loss
every 20 min. The CO, production rate, dCO,/dt, is the first derivate of the
amount of CO, produced with respect to time and was automatically calculated
by polynomial smoothing of the level of CO, produced (34). Fermentation
experiments were performed in duplicate or triplicate.

DNA manipulation and transformation methods. DNA was extracted from
yeast and purified by standard protocols (37). Oligonucleotides were synthesized
by MWG Biotech (MWG, Germany). The lithium acetate procedure was used
for the transformation of S. cerevisiae (39).

Construction of the V5 bdh1 mutant. The BDHI gene was deleted by the short
flanking homology method using the loxP-kanMX4-loxP gene disruption cassette
(13). The deletion cassette was amplified from pUG6 by using forward primer
5'-CTTCTTTCTTAAAAAGTCTTAGTACGATTGACCAAGTCAGTTCGT
ACGCTGCAGGTCGAC-3', which includes 20 nucleotides complementary to
pUGH6 and a 40-nucleotide extension (underlined) corresponding to the region
from position —81 to position —121 upstream of the start codon of the BDHI
open reading frame (ORF), and reverse primer 5'-TACAAATGAGCCGCGA
GGGGCCCCAAATATTATTTTGTCAGCATAGGCCACTAGTGGATCTG-
3’, which includes 22 nucleotides complementary to pUG6 and 40 nucleotides
(underlined) corresponding to the region from position +1238 to position +1198
downstream of the start codon of the BDHI ORF. The deletion of the BDHI
ORF was confirmed by PCR analysis of genomic DNA extracted from G418"
transformants. V5 bdhl was transformed with pVT100U-ZEO-GPD1.

Overexpression of BDHI and BDH1 55 555 53 in strains V5 and V5 ald6. BDH1
and BDH1 551 555 23, @ mutant form of BDH1 engineered to express an NADPH-
dependent Bdh1 enzyme with the amino acid changes 221 EIA 223 to 221 SRS
223 (Bdhl,y; 555 203), were overexpressed in the strain V5 ald6::loxP (36) by using
short flanking homology PCR to replace the native promoter in situ by the yeast
glyceraldehyde-3-phosphate dehydrogenase TDH3 promoter. In the case of
BDH]1, coding for the NADH-dependent 2,3-BD dehydrogenase (BDH), a PCR
fragment carrying the loxP-kanMX4-loxP and TDH3 promoter cassettes was
amplified from pUG6noxE (18) by using forward primer 5'-CTTTCCTCCTTA
CGGGGTCCTAGCCTGTTTCTCTTGATATGCAGGTCGACAACCCTTAA
T-3’, having 20 nucleotides complementary to pUG6noxE and a 40-nucleotide
extension (underlined) corresponding to the region from position —224 to po-
sition —184 upstream from the start codon of the BDHI OREF, and reverse
primer 5'-AGTGAATATCACCCTTCTTGAAATATGCCAAAGCTCTCATT
CGAAACTAAGTTCTTGGTGT-3', having 20 nucleotides complementary to
pUG6noxE and 40 nucleotides (underlined) corresponding to the region from
position +1 to position +40 downstream from the start codon of the BDHI ORF.

For the overexpression of BDH1 551 555 223, coding for an NADPH-dependent
form of BDH (6), a fragment required to overexpress and to change the coen-
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FIG. 1. Schematic representation of metabolic pathways implicated in our design strategy for a low-alcohol yeast. GP, glycerol phosphatase,
encoded by GPPI and GPP2; GPDH, glycerol phosphate dehydrogenase, encoded by GPDI and GPD2; PDC, pyruvate decarboxylase, encoded
by PDC1, PDC5, and PDC6; ACDH, acetaldehyde dehydrogenase, encoded by ALD4, ALDS5, and ALD6; ADH, alcohol dehydrogenase, encoded
by ADHI; BDH, Bdhl, encoded by BDHI (other BDHs exist; however, no other identified gene has been associated with BDH activity); ALS,
acetolactate synthase, encoded by IL1V2; DS, diacetyl synthetase; DR, diacetyl reductase; G3P, glycerol-3-phosphatase; DHAP, dihydroxyacetone

phosphate; acetyl CoA, acetyl coenzyme A; TPP, thiamine PP;.

zyme specificity of the BDHI enzyme was amplified from genomic DNA of V5
ald6 BDHI. The forward primer 5'-CTTTCCTCCTTACGGGGTCCTAGCCT
GTTTCTCTTGATATGCAGGTCGACAACCCTTAAT-3' was complemen-
tary to the loxP-kanMX4-loxP-TDH3 promoter cassette, and the reverse primer
GGCCATTTCTATTCTTCTCTCTGATCTTGAAGACACTACAATTTTACT
GGCCCCC, complementary to the genomic region from position +639 to po-
sition +690 downstream of the start codon of the BDHI ORF, contained nu-
cleotides (underlined) required to modify the coenzyme specificity. These
nucleotides correspond to a change in the native Bdh1 amino acid sequence from
221 EIA 223 to 221 SRS 223. The fragment amplified using these primers was
used to transform V5 ald6 in order to obtain V5 ald6 BDHI,5; 555 553. The
integration of the loxP-kanMX4-loxP-TDH3 promoter cassette was checked by
PCR with genomic DNA from G418" transformants. BDHI 55} 555 553 Was com-
pletely sequenced, and the NADP(H)-dependent activity of the product was
verified by enzymatic assays. V5 ald6 overexpressing either BDHI or
BDH1 551 555 2,3 Was transformed with pVT100U-ZEO-GPDI.

Analytical methods. Cells were counted using an electronic particle counter
(ZBI model; Coulter Counter Coultronics) fitted with a probe with a 100-pm
aperture. Glucose, glycerol ethanol, pyruvate, succinate, acetate, 2-oxoglutarate,
and 2-hydroxyglutarate were analyzed by high-pressure liquid chromatography
using an HPX-87H ion exclusion column (Bio-Rad), and volatile aromatic com-
pounds acetoin and 2,3-BD were measured by gas chromatography as described
previously (23, 28). The acetaldehyde concentration was determined enzymati-
cally according to the method of Lundquist (20).

Diacetyl was analyzed by using solid-phase microextraction with deuterated
diacetyl-dg as an internal standard, followed by gas chromatography-mass spec-
trometry according to the method of Hayasaka and Bartowsky (16). Diacetyl was
purchased from Aldrich, and the diacetyl-ds used as an internal standard was
purchased from CDN Isotopes (Quebec, Canada). The solid-phase microextrac-
tion fiber coated with a 70-um Carbowax-divinylbenzene StableFlex fiber was
purchased from Supelco (Bellefonte, PA).

Cell extracts and enzyme assays. Yeast cell extracts were prepared from a total
of 107 cells collected from the bioreactor as described previously (30). Enzyme

activities were assayed immediately. BDH-specific activity was assayed spectro-
photometrically at 25°C in a total volume of 1 ml containing 33 mM potassium
phosphate buffer (pH 7), 0.2 mM NAD(P)H, and 50 mM acetoin. The reaction
was initiated by the addition of 20 pl of cell extract and monitored by the
decrease in absorbance at 340 nm. The protein concentration was determined
with a bicinchoninic acid assay kit (Uptima-Interchim, France).

RESULTS

Role of Bdhl in metabolism of acetoin during wine fermen-
tation. Yeast can produce acetoin from pyruvate by three dif-
ferent pathways (33). The major route is the condensation of
active acetaldehyde (thiamine PP;-acetaldehyde) with free ac-
etaldehyde, catalyzed by the pyruvate decarboxylase (Fig. 1).
An alternative route involves the transformation of pyruvate
and free acetaldehyde by a 2-acetolactate synthase into 2-ace-
tolactate, which can be further converted into diacetyl by spon-
taneous nonenzymatic transformation. In the next step, diace-
tyl is reduced to acetoin, which in turn is reduced further to
2,3-BD. A final described route is the condensation of active
acetaldehyde with acetyl coenzyme A to form diacetyl (5),
which is successively reduced to acetoin. Acetoin is converted
into the end product 2,3-BD, which exists as optically active
[(2R,3R)-2,3-BD and (25,35)-2,3-BD] and as meso [(2R,3S)-
2,3-BD and (2S,3R)-2,3-BD] forms.

Bdhl is the main enzyme catalyzing the NADH-dependent
reduction of acetoin into 2,3-BD in yeast (E. Gonzalez and
J. Biosca, unpublished data). In addition, Bdh1 can use several
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TABLE 2. Production of acetoin, (2R,3R)-2,3-BD, (25,35)-2,3-BD,
and meso-2,3-BD during alcoholic fermentation in MS medium
containing 200 g/liter glucose

Concn (mean * SD) of:

. (2R3R)-2,3- ,
Strain Acetoin BD and meso-2,3-BD Tot§£2,3- Diacetyl
(mglliter) (25,35)2,3-BD  (mg/liter) o (ng/liter)
(mg/liter) (mglliter)
V5 00 428 + 107 126 =25 553132 79=+0.5

V5 bdhl 401 = 11 ND“ 8422 8422 158=*03

“ND, not detected.

other substrates in vitro, in particular diacetyl as the second
best substrate after acetoin (12).

To investigate more precisely the role of Bdh1 in the reduc-
tion of acetoin under wine fermentation conditions, we deleted
BDHI1 in a model wine yeast strain, V5, and studied the impact
of BDH1 disruption during fermentation in MS medium (syn-
thetic must) containing 200 g/liter glucose. The deletion of
BDH]1 did not affect either the growth or the fermentation rate
compared to that of wild-type V5 (data not shown). Under
these conditions, when all glucose was exhausted, V5 produced
553 mg/liter of 2,3-BD, as a mixture of about 77% active and
23% meso isomers (Table 2). The bdhl mutant, on the other
hand, did not produce any detectable (2R,3R)-2,3-BD, and its
residual production of 2,3-BD, consisting exclusively of the
meso form, corresponded to ~15% of the total 2,3-BD pro-
duction by wild-type V5. Moreover, while no acetoin was de-
tected in the medium fermented by V5, V5 bdhl produced
~400 mg/liter of this compound.

Overall, these data indicate that Bdhl is responsible for
~85% of the total amount of 2,3-BD produced by yeast cells
during wine fermentation, including the entire (2R,3R)-ste-
reoisoform and ~40% of the meso form.

We additionally investigated the impact of BDHI deletion
on diacetyl formation. The diacetyl level produced by V5 bdhI
(Table 2) increased by ~2-fold compared to that produced by
native V5, indicating that Bdh1 also plays an important role in
the reduction of diacetyl.

Identification of factors limiting the reduction of acetoin
into 2,3-BD. In the strains overproducing glycerol, the BDH
reaction is limited above a certain level of glycerol production,
resulting in a dramatic increase in the production of acetoin (4,
31). The accumulated level is increased further by the disrup-
tion of ALD6, coding for the cytosolic acetaldehyde dehydro-
genase (4).

In order to investigate the influence of potential fac-
tors limiting this reaction, we overexpressed BDHI and
BDH1,5,, 55 223, coding for the native NADH-dependent Bdhl
and an engineered NADPH-dependent Bdh1 enzyme, respec-
tively, in the strains V5 and V5 ald6. Bdhl,,, 5,5 5,3 has the
same apparent affinity for and performance efficiency with
NADPH as Bdhl has for NADH (6).

The fermentation behavior of V5, V5 BDHI, and V5
BDH1,5, 55,3 during wine fermentation in MS medium was
examined. BDHI and BDH1,,, 5 5,3 overexpression did not
affect growth compared to that of the reference strain, and no
differences in the production of 2,3-BD were observed.

Next, we examined the impacts of BDHI and BDH1 5, 55 3
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overexpression on the levels of acetoin accumulated by yeast
carrying an ALD6 disruption and producing high levels of
glycerol. The strains V5 ald6, V5 ald6 BDHI, and V5 ald6
BDH1 5, 55, 5,5 were transformed by the multicopy plasmid
pVT100U-ZEO carrying GPDI and studied in a preliminary ex-
periment under alcoholic fermentation conditions in MS medium
containing 50 g/liter glucose. The growth (Fig. 2) and fermenta-
tion (data not shown) rates of the three strains V5 ald6 GPDI, V5
ald6 GPD1 BDH1, and V5 ald6 GPDI BDH1 55, 5, 5,5 Were iden-
tical. Compared to the acetoin formation by strain V5 ald6 GPDI,
which accumulates 1.5 g/liter acetoin, the acetoin formation by
strains overproducing Bdhl and Bdh1,,, 5,5 5,3 decreased (Table
3; Fig. 2). However, the overproduction of the NADPH-depen-
dent enzyme resulted in more efficient conversion of acetoin into
2,3-BD than the overproduction of native NADH-dependent
Bdhl. Indeed, under these conditions, V5 ald6 GPDI BDHI
formed 37% less acetoin than the reference strain V5 ald6 GPDI,
while V5 ald6 GPD1 BDH1 ,,, 5, 5,5 produced 61% less acetoin
than V5 ald6 GPD1 BDH]. In both cases, acetoin was reduced to
2,3-BD in a stoichiometric way. These results demonstrate that
both the expression level of BDHI and the NADH availability are
limiting factors for the 2,3-BD pathway in glycerol-overproducing
yeast. Nevertheless, the NADH availability is the most restricting
parameter under these growth conditions.

Effects of BDHI and BDH1,,, 5, ,,3 Overexpression on ace-
toin levels during wine fermentation. In another step, we per-
formed extensive characterization of the five strains V5, V5
aldo, V5 ald6 GPDI, V5 ald6 GPD1 BDHI, and V5 ald6 GPDI
BDH1 55, 53 225 in synthetic MS media containing 200 and 240
g/liter of glucose, corresponding to sugar levels commonly
found in grape juice (Tables 4 and 5; Fig. 3).

Detailed results of one experiment in MS medium with 240
g/liter glucose are shown (Fig. 3; Table 5). The specific BDH
activities in the different strains were determined at a time
point corresponding to the release of 48 g/liter CO, (~62 h of
fermentation). The NADH-dependent BDH-specific activity
in V5 ald6 GPD1 BDH1 was similar to the NADPH-dependent
specific activity in V5 ald6 GPD1 BDHI yy, 555 5,3 (means *
standard deviations, 2.0 = 0.06 and 1.8 * 0.1 U/mg, respec-
tively) and approximately 20-fold higher than the BDH-specific
activities in V5 and V5 ald6 (0.1 = 0.01 and 0.09 = 0.01 U/mg,
respectively).

As described previously (4, 31), the high-glycerol strain V5
ald6 GPD1 exhibited reduced growth (Fig. 3) compared to that
of V5. This result may be due to a toxic effect of acetaldehyde,
which increased to 0.3 to 0.4 g/liter at the end of growth phase
(data not shown), or to a net ATP loss resulting from the
diversion of carbons toward glycerol (4, 31). The overexpres-
sion of BDHI or BDHI 5, 35,3 in V5 ald6 GPDI did not
further influence either growth or the CO, production rate
(Fig. 3). Both gene modifications resulted in a considerable
decrease of acetoin production (Fig. 3; Table 5). By the end of
the first 60 h, corresponding to the midfermentation point for
strains overproducing glycerol, acetoin was efficiently reduced
to 2,3-BD by V5 ald6 GPDI BDH1, and the efficiency of this
reaction in V5 ald6 GPD1 BDHI y,, 55, 5,3 Was further in-
creased, as observed previously with MS medium containing 50
g/liter glucose. However, from midfermentation, these differ-
ences were attenuated, and the final acetoin concentrations for
V5 ald6 GPDI BDH1 5y, 555 253 and V5 ald6 GPD1 BDHI were
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FIG. 2. Growth and acetoin and 2,3-BD production profiles of
modified wine yeast strains V5 ald6 GPDI1 (black squares), V5 ald6
GPDI1 BDHI (black triangles), and V5 ald6 GPDI BDHI 5, 575223
(white triangles) in MS medium containing 50 g/liter glucose. Repre-
sentative results of one of three independent experiments are shown.

very close (Fig. 3). Similar effects in both MS medium with 200
g/liter glucose and MS medium with 240 g/liter glucose were
observed (Table 4). In both media, 83 to 90% of the acetoin
produced from pyruvate was reduced into 2,3-BD in a stoichio-
metric manner, in contrast to the large accumulation of acetoin
in the media and the low-level 2,3-BD production observed for
V5 ald6 GPDI (Table 4; Fig. 3).

As shown in Table 5, redox and carbon levels were balanced
for all genetically modified strains. Apart from the effects on
acetoin and 2,3-BD levels, BDHI overexpression triggered,
additionally, a decrease in the glycerol level by ~3 g/liter com-
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pared to that in V5 ald6 GPDI (Table 4), which can be ex-
plained by more restricted NADH availability for glycerol syn-
thesis, in favor of 2,3-BD production. On the other hand, the
overexpression of the NADPH-dependent Bdhl restored the
glycerol level to the one produced by V5 ald6 GPDI, suggest-
ing that this enzyme uses NADPH rather than NADH in vivo.
In addition, V5 ald6 GPD1 BDHI y,, 55, 5,3 produced larger
2-ketoglutarate amounts than V5 ald6 GPDI1 BDHI (Fig. 3;
Table 5). This finding also supports the NADPH specificity of
this enzyme in vivo. A similar effect was observed for V5 ald6
compared to V5 (Fig. 3, Table 5). Since Ald6 preferentially
uses NADP, the deletion of ALD6 results in lower NADPH
formation. In both cases, less NADPH will be available for the
NADPH-dependent glutamate dehydrogenase Gdhl reaction,
responsible for 2-ketoglutarate conversion into glutamate, thus
explaining the observed 2-ketoglutarate accumulation.

The overproduction of the NADH- and NADPH-dependent
Bdhl did not further influence the ethanol formation (Table
4). Compared to that from the wild type, the ethanol yield was
considerably reduced, by about 20%, this effect being essen-
tially the result of glycerol overproduction. Depending on the
initial glucose concentration, this strategy results in a decrease
in the ethanol level of 2.1 to 2.8° (Table 4).

Impacts on volatile aromatic compounds. In the next step,
we compared the effects of the genetic modifications on the
production of some key aromatic compounds (Tables 6 and 7).

The deletion of ALD6, coding for the NADP-dependent
cytosolic isoform of acetaldehyde dehydrogenase, induced the
production of significantly larger amounts of isobutanol and
isoamyl alcohol than those produced by the wild type V5 (Ta-
ble 6). These higher alcohols derive from the metabolism of
valine and leucine (17). Increased levels of these compounds
may be explained by the slight transient increase of acetalde-
hyde and pyruvate in V5 ald6 (data not shown) (35), which can
favor the production of 2-acetolactate, an intermediary of va-
line and leucine synthesis. In addition, redox imbalances pro-
voked by the disruption of ALD6 may contribute to these
modifications. The deletion of ALD6 induced, additionally, an
increase in the isoamyl acetate level, which may be a direct
consequence of the higher isoamyl alcohol level produced.

In a general way, the overexpression of GPDI led to a
decreased level of higher alcohols compared to those produced
by V5 ald6 (Table 6). A likely explanation for this finding is the
lower level of NADH availability for the NADH-dependent
higher-alcohol production in this strain (17), as NADH is pref-
erentially used for glycerol synthesis. The production of
isoamyl acetate in this strain was also reduced, which can be
directly related to the lower level of isoamyl alcohol formation.
In contrast, the production of diethyl succinate increased,

TABLE 3. Production of acetoin and 2,3-BD during alcoholic
fermentation in MS medium containing 50 g/liter glucose

Concen” (mg/liter) of:

Strain
Acetoin Total 2,3-BD
V5 ald6 GPDI1 1,492 + 55 193 £ 10
V5 ald6 GPDI BDH1 935 £ 17 559 =10
V5 ald6 GPD1 BDH1 55, 555 203 361 = 68 1,042 =102

“ Values are means * standard deviations.
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TABLE 4. Impacts of genetic modifications on ethanol production and corresponding acetoin, acetate, and glycerol levels produced during

alcoholic fermentation”

Concn (g/liter) of:

Ethanol content (°) in:

Acetoin 2,3-BD Glycerol Ethanol
Strai
rn 200-g/liter-  240-gfliter- ~ 200-g/liter- ~ 240-g/liter- ~ 200-g/liter- ~ 240-g/liter-  200-g/liter- ~ 240-g/liter- ~ 200-g/liter- 240-g/liter-
glucose glucose glucose glucose glucose glucose glucose glucose glucose glucose
medium medium medium medium medium medium medium medium medium medium
V5 0.0+=0.0 00=x0.0 05+01 13*x04 5=0.08 706 97x03 119*+14 12.2 15.0
V5 aldo 0.0x0.0 0.0=x0.0 0701 14%=03 63=x06 8§03 9703 117*x1.6 122x0.03 148 =02
V5 ald6 GPDI 59+x15 76=x17 1303 24x06 27*+02 33+04 78x05 99 = 0.1 9.8 12.4
VS5 ald6 GPDI 1.0 £0.07 0.8=0.0 60+x09 89x05 24x014 29*1.1 80 = 0.6 98 £ 0.2 10.1 12.4
BDH1
VS5 ald6 GPDI 122036 09*+014 70x23 89*16 26x045 32x00 79%x0.0 97 = 0.7 9.9 12.2

BDH1 551 52523

“ Experiments were carried out with MS media containing 200 and 240 g/liter glucose. The means * standard deviations of results from two independent experiments

are shown.

probably as the direct consequence of the higher succinate
levels formed by glycerol-overproducing yeast (4, 31).

The overproduction of Bdhl or Bdhl,,, 55,3 had little
effect on higher-alcohol and ester synthesis. The only effect was
an additional decrease in the formation of isoamyl alcohol
compared to that by the ald6 GPDI strain, which may, again,
be explained by a lower level of NADH availability for the
NADH-dependent higher-alcohol production. In a similar way,
the overproduction of NADPH-dependent Bdhl,,, 555 553 in-
creased the production of isoamyl alcohol to levels similar to
those of production by the ald6 GPDI strain, as NADH be-
came more available. Altogether, the various levels of all an-
alyzed compounds remained in the range of concentrations
found in wine (Table 7), and no significant alteration in aroma
traits compared to those obtained with the parental strain V5
can be attributed to the genetically modified strains V5 ald6
GPDI1 BDH1I and V5 ald6 GPDI BDH1 5, 535 23-

In the final stage, we investigated the consequences of BDH1
and BDH1 ,,, 5,5 5,3 overexpression for diacetyl production by

V5 ald6 GPDI. The overexpression of GPDI triggers high-
level accumulation of diacetyl (Tables 6 and 7), as shown for a
previously engineered glycerol-overproducing brewer’s yeast
(25). This effect can be attributed to the higher levels of pyru-
vate and acetaldehyde production in this background (4, 25,
31). The overexpression of the two Bdh1l forms decreased the
diacetyl level by half. This result emphasizes the limitation of
the diacetyl reduction reaction in a GPDI background, due
probably to the level of synthesis of Bdh1 and/or NADH avail-
ability, similar to that of the acetoin reaction.

DISCUSSION

Engineered S. cerevisiae GPDI ald6 strains that produce
high glycerol levels also exhibit a large increase in acetoin
biosynthesis, which is detrimental for wine quality. In this
study, we have provided strong evidence that both the expres-
sion level of BDH1 and the availability of NADH, which is used

TABLE 5. Metabolite and biomass levels and yields for strains V5, V5 ald6, V5 ald6 GPDI, V5 ald6 GPD1 BDH]I, and V5 ald6 GPD1
BDH1 55, 555 >3 in medium with 240 g/liter glucose”

Concn

Concn (g/liter)

Concn . . . 5 . . _3, Concn (g/liter) Yield (1073 : Yield (1073
Compound or  (gliter) (31{6‘3151) (gliter) ield (10 7) Concn {gfliter) Yield (105 “in vasis) hemys ) i o6 from oW
material VS gom Vs alds aldé GPDI culture  alds Gppy ~ OFPPIBDHIL —ald6 GPDL by GPDI
culture O™ a culture BDHI 221222223 BDHI 01 535 50
culture culture 222
Glucose 240 1,000 240 1,000 240 1,000 240 1,000 240 1,000
Biomass 6.10 254 6.7 27.9 44 18 37 155 42 173
Ethanol 118 492 117 486 99 410 98 409 97 406
Co, 113 471 114 473 106 443 107 445 106 443
Acetate 0.63 2.6 0.14 0.6 0.65 2.7 0.7 3.0 0.65 2.7
Glycerol 7 31 9 36 32 130 30 126 32 134
Pyruvate 0.10 0.4 0.04 0.17 0.18 0.8 0.23 1.0 0.22 0.9
2-Ketoglutarate 0.93 39 1.3 53 0.5 2.0 0.5 2.0 0.6 2.6
Succinate 0.4 1.5 0.5 2.1 0.9 3.7 0.9 3.9 0.9 3.9
Acetaldchyde 0.01 0.04  0.01 0.04 0.14 0.56 0.12 0.5 0.12 0.5
Acetoin 0.00 ND? 0.00 ND 5.9 24.4 0.5 2.2 0.6 2.3
2,3-BD 0.9 3.8 1.3 53 25 104 8.0 33.2 7.4 30.7

“Yields are expressed as grams per gram of glucose consumed. The levels of carbon recovery were 103% for strain V5 and 104% for strains V5 ald6, V5 ald6 GPDI,
V5 ald6 GPDI BDHI, and V5 ald6 GPDI BDH1 55, 555 »»3. The redox balance, which represents the ratio (expressed as a percentage) between the reductance degree
of fermentation products (including biomass) and the reductance degree of glucose, was 104% for all strains. The reductance degree indicates the number of equivalents
of available electrons required for the oxidation of a compound to CO, and H,O. The reductance degree of compound C,H, 0, is calculated with the following equation:

Yy =4dx+y— 2z
> ND, not detected.
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TABLE 6. Higher-alcohol, ester, and diacetyl levels produced by genetically modified yeasts during alcoholic fermentation in MS medium
containing 240 g/liter glucose

Concn” produced by strain:

Compound
i Vs V5 ald6 V5 ald6 GDPI V5 ald6 GDP1 BDHI 5 dldo GDPI
221,222,223
Isobutanol 555=*x27 94.6 + 4.5 674 +13.5 59.0 £ 3.1 63.6 £ 2.7
Isoamyl alcohol 142.6 = 7.1 209.8 =9.9 884 =125 60.1 = 1.0 88221
2-Phenylethanol 478 =58 541+ 6.8 36.6 £ 5.6 344 +42 40.0 =79
Isobutyl acetate 0.6 £0.2 0.8 +0.1 0704 0.6 0.1 04 x0.2
Isoamyl acetate 20=0.1 42 +0.3 0.9 +0.3 0.5+0.0 0.7+0.1
Ethyl acetate 52.7x45 71.6 5.7 62.5 +10.2 551+22 55.6 3.0
Ethyl butyrate 0.5+0.0 0.6 = 0.0 1.1+03 0.7 0.0 1.0 =0.0
Ethyl octanoate 0.5*0.1 0.7+0.1 03 £0.1 03 x0.0 02x0.0
Diethyl succinate 1.1+0.8 1.0=x0.2 17.8 = 0.7 19.1 19 17.0 £ 1.5
Diacetyl 40x23 4.6 =27 327+31 143 £ 0.1 16.0 = 1.7

¢ Concentrations are given in milligrams per liter for all compounds except diacetyl, for which concentrations are given in micrograms per liter. Values are means =

standard deviations of results from two experiments.

mainly for the synthesis of glycerol, are limiting factors in the
reduction of acetoin to 2,3-BD.

The main limiting factor during wine fermentation was the
level of synthesis of Bdhl. The NADH effect varied signifi-
cantly throughout the fermentation. In the first step of wine
fermentation (the first 60 h) in MS medium with 240 g/liter
glucose or during fermentation with 50 g/liter glucose, the
production of acetoin by cells overexpressing BDHI was de-
creased by about 39% and that by cells overproducing the
NADPH-dependent Bdh1 was decreased by 58%. The limita-
tion of the BDH reaction by NADH availability is consistent
with the high NADH demand for glycerol production during
this phase. In contrast, from midway in the fermentation reac-
tion, acetoin was reduced to 2,3-BD as efficiently by cells over-
producing native Bdhl as by those overproducing engineered
Bdhl. This finding may be explained by the decrease in the

TABLE 7. Aroma descriptors for analyzed flavor compounds listed

in Table 6
Range of Aroma
concn .
Compound (mg /li.ter) (t;r;lsi}tig;ia Aroma description
m wine
Isobutanol 9.0-174 40* Fusel alcohol odor;
spirituous; bitter
Isoamyl alcohol 6.0-490 30* Harsh; nail polish,
whiskey, and malt
odors; burnt
2-Phenylethanol 4.0-197 10* Floral; rose, honey, and
spice scents
Isobutyl acetate ~ 0.01-1.6 1.6***  Banana aroma; fruity
Isoamyl acetate 0.1-34 0.03* Banana and pear

aromas
Nail polish odor; scent
of pineapple; fruity

Ethyl acetate 22.5-63.5 7.5%

Ethyl butyrate 0.01-1.8 0.02* Floral; fruity

Ethyl octanoate  0.05-3.8 0.02* Smell of sweet soap
and fat; fruity

Diethyl succinate ~ 0.9-9.4  1,200* Wine aroma; fruity;
sweet

Diacetyl 0.5-10  0.2-2.8**** Buttery

¢+, determined in 10% ethanol; **, determined in water; ###, determined in
synthetic wine; and ###*, determined in wine.

glycerol production rate, resulting in the increased availability
of NADH for the Bdhl reaction.

Overall, the two strategies had similar effects on the final
level of acetoin and allowed a drastic decrease in the produc-
tion of this compound by reducing it into 2,3-BD. The intro-
duced modifications triggered only minor alterations in the
production of secondary products. The main impact on the
production of fusel alcohols and esters was due to the overex-
pression of GPDI and to the deletion of ALD6, but most of
these effects were in fact compensated for by the combination
of the two modifications. In addition to the decreased acetoin
accumulation, the most obvious effect of BDHI or mutated
BDH1 overexpression was decreased diacetyl production. Five
enzymes having in vitro diacetyl reductase activity in S. cerevi-
siae, including Bdh1, which reduces diacetyl as the second best
substrate after acetoin, have been identified previously (9, 12,
24, 38, 43). We have shown that the overexpression or deletion
of BDHI results in a twofold decrease or increase in diacetyl
levels, respectively, suggesting that Bdhl is a rate-limiting en-
zyme in diacetyl reduction. However, we cannot exclude that
this reaction is subjected to metabolic control. For example,
the lower diacetyl levels produced by strains overexpressing
BDHI or BDH1,5, 55, 2,3 may be due to a release of the inhi-
bition of diacetyl reductase activity by acetoin.

The perception threshold for diacetyl in wine has been es-
timated to be in the range of 0.2 to 2.8 mg/liter, depending on
the wine type (22). At concentrations higher than 5 mg/liter,
this compound gives undesirable buttery and butterscotch aro-
mas, similar to those from acetoin (6). In all cases, the amounts
of diacetyl produced by ald6 GPDI and ald6 GPD1 BDHI
strains (14 to 32 pg/liter) remained far below the detection
threshold for this compound in wine.

In beer, the detection threshold for diacetyl is much lower
than that in wine, around 0.1 to 0.15 mg/liter (15); therefore,
this compound represents a much more important problem for
beer than for wine. It has been reported previously that a
high-glycerol brewing yeast produces diacetyl and acetoin at
levels higher than those observed for wine yeast strains (25).
One possible explanation is the lower levels of BDH activity in
brewing yeasts than in wine yeasts (25). The overexpression of
Bdhl in glycerol-overproducing brewing strains may therefore
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be an efficient strategy to reduce the production of these com-
pounds. In addition, it may be interesting to compare the
effects of the overproduction of the NADH- and NADPH-
dependent Bdh1 enzymes in the context of beer fermentation.

Overall, the approach based on the redirection of carbons
mainly toward the production of glycerol and 2,3-BD is the
most promising one so far on the way to the development of a
low-ethanol yeast with desired organoleptic features. We have
shown that this strategy has the potential of decreasing the
ethanol content by up to 3°, depending on the initial sugar
concentration. Sensory analysis studies have demonstrated that
glycerol and 2,3-BD, at levels produced by engineered ald6
GPDI BDHI yeast, have no negative sensory contribution to
wine quality (27; Ehsani et al., unpublished). On the other
hand, the assessment of the acetoin threshold in wine showed
that detectable levels include the ranges of acetoin amounts
produced by this improved strain. Indeed, a compromise be-
tween the levels of glycerol (and, consequently, ethanol) and
acetoin produced will have to be found. Finally, the impacts of
ALDG6 deletion and GPDI and BDH]I overexpression in com-
mercial wine yeasts and the effects on natural grape musts have
to be evaluated in order to validate this strategy.
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